We established a haemadsorption-based colorimetric assay system, which may be used to screen a large number of anti-influenza compounds. Madin Darby canine kidney (MDCK) cells infected with influenza virus were cultured in the presenct"~ftestcompounds and after 3 days of infection gUin'e~pig erythrocytes .
Summary
We established a haemadsorption-based colorimetric assay system, which may be used to screen a large number of anti-influenza compounds. Madin Darby canine kidney (MDCK) cells infected with influenza virus were cultured in the presenct"~ftestcompounds and after 3 days of infection gUin'e~pig erythrocytes .
(GPE) were added to infected MDCK cells. After 4 washings of the cells the adsorbed GPE were lysed with distilled water, and peroxidase activities contained in GPE were measured using o-phenylendiamine and H 2 0 2 as substrates. The peroxidase activity that was read as optical density of oxidized o-phenylendiamine (quinoid form) correlated well with the dose of virus and day of infection in MDCK cells. Fifty per cent inhibitory concentration (ICso) of 1-(f3-D-ribofuranosyl)-1,2,4-triazole-3-carboxamide (ribavirin) and adamantanamine hydrochloride (amantadine) against influenza virus A1H3N2Ilshikawa and influenza B/Singapore, the ICsosof ribavirin to influenza A and B were O.5J.Lg mr " to 1.0J.Lg mr ' respectively. On the other hand, the IC so of amantadine for influenza A was 1 J.Lg ml" but was more than 100 J.Lg mr" for influenza B virus. By this method, ribavirin, 5-ethynyl-1-f3-Dribofuranosylimidazole-4-carboxamide (EICAR), 3-(f3-D-ribofuranosyl)-4-hydroxypyrazole-5-carboxamide (pyrazofurin) have shown inhibitory effects for virus replication at lower concentrations than their cytotoxic doses. On the other hand carbocyclic citidine (carbodine) was cytotoxic at the concentration of virus inhibition. Ribavirin and pyrazofurin showed one tenth or less EC so for influenza A and B viruses by the haemadsorption-based colorimetric assay compared with the EC so by TCID so method. It is possible to estimate the inhibitory effect of antiviral compounds Introduction When a pandemic of influenza occurs, it influences human society widely in both social and economic activities. Mortality of patients with influenza is high either when the aged or infants have suffered from the disease. Inactivated vaccines of influenza virus have been developed although efficacy is rather limited.
Antiviral chemotherapy for influenza has been investigated and only ribavirin and amantadine have been used in clinical practice as anti-influenza drugs (Davies et al., 1964; Prusinger et sl., 1973) , but the uses of ribavirin were restricted to severely infected patients because of concerns about toxicity (McLung et al., 1983; Canonico et al., 1984) . Amantadine has been used for influenzaA infection but is not effective against influenza B infection (Smorodintsev et al., 1970; Hayden et al., 1981) . In order to find more selective compounds, it is necessary to screen a large number of compounds efficiently for inhibitory effects on the replication of influenza viruses.
Anti-influenza activity has been usually determined by plaque reduction assays or TCID so methods using MDCK cells (Hayden et al., 1980; Shigeta et aI., 1988) . However, it is not easy for every laboratory to obtain reproducible results with the plaque reduction assay or to maintain MDCK cells that are always sensitive for plaque assay. Moreover plaque reduction assays need considerable time to process a large number of samples. The TCID so method is technically easier than the plaque reduction assay but needs careful microscopic observation of cells for cytopathic effects (CPE) of virus in large numbers of wells. A precise procedure for the TCID so method for influenza virus was reported elsewhere (Shigeta et al., 1988) . Forthese reasons neither assay is applicable for the screening of large numbers of compounds. A colorometric assay for antiviral activity against human immunodeficiency virus has been established using 3-{4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTI) by Pauwels et al. (Pauwels et al., 1988) and we have extended it to examine antiviral activity for herpes simplex viruses (Takeuchi et aI., 1991) . However, the MIT colorimetric assay is not applicable to influenza viruses because MOCK cells tend to lose susceptibility for extensive CPE by infection after prolonged passages in vitro.
However MOCK cells infected with influenza virus adsorb guinea pig erythrocytes (GPE). We have considered that the number of adsorbed GPE may reflect the number of infected cells in the culture. By measuring the amount of adsorbed GPE, we should be able to estimate the extent of viral replication and evaluate the antiinfluenza activity of compounds which may inhibit viral replication. Inthis study, we report a new antiviral assay for influenza viruses using colorimeter which is suitable for mass-screening of compounds.
Results

Detection and quantification of influenza virus infected cells by haemadsorption based colorimetric assay
At first, we detected influenza-infected cells by haemadsorption, and quantified the extent of infection by an absorbancy of haemoglobin contained in the absorbed GPE with a colorimeter. However, the optical density of haemoglobin in the lysate of GPE was so low, that it was impossible to detect a small area of haemadsorption by this method. Red blood cells contain peroxidase and this enzyme can be quantified in a colorimetric way. For sensitive and quantitative estimation of infected cells, we washed the cells first, lysed adsorbed GPE with distilled water, and the peroxidase activity in lysate was measured using o-phenylendiamin (OPO) and H 202 as substrates. We inoculated several infective doses of influenza A virus (lshikawalH3N2) on to monolayers of MOCK cells in multiwell tray (Falcon 3407, 24 wells) and examined for optical density (OO) oxidized OPO in each of 3 wells every day. When 100 CCI0 50 of virus was inoculated, 00 of oxidized OPO increased day and day, and reached a maximum on the third day after infection ( Fig. 1, panel A) . On day 3 of infection the 00 increased depending on the dose of inoculated virus and 100 CCI0 5 0 of virus exhibited a fully maximal 00 at 3 days ( Fig.1, panel B) .These results suggested that viral replication could be estimated by the 00 value of oxidized OPO and anti-influenza activity of compounds could be evaluated quantitatively by this method. In the following experiments, we used 100 CCI0 50 of virus for infection and determined the 00 of oxidized OPO on day 3 after infection. The precise procedure of the haemadsorption-based colorimetric assay is summarized in 'Materials and Experimental procedures' .
Evaluation of anti-influenza compounds
Ribavirin and amantadine were examined for inhibitory effects on the replication of both influenza A and B viruses using the haemadsorption based colorimetric assay (Fig.  2) . The concentration of ribavirin added was inversely related to the 00 of peroxidase activity in the lysate of adsorbed GPE (from 0.1 f.Lg rnr ' to 2 f.Lg mr'). In the Ribavirin Amantadine presence of amantadine a similar dose-dependent decrease of 00 was observed on Nishikawa virus but as anticipated the 00 did not decrease even at the highest concentration tested (100 JLg rnr ') on influenza B/Singapore infected cells. In addition to ribavirin and amantadine, EICAR (Oe Clercq et aI., 1991) , pyrazofurin and carbodine (Shannon et el., 1981) were also examined for anti-influenza activities by the haemadsorption-based colorimetric assay and for their cytotoxicities for MOCK cells by the MIT method (Fig. 3) . The calculated IC 50 against Nishikawa H3N2 by the haemadsorption based colorimetric assay and 50% cytotoxic dose (CC 50) for MOCK cells by MIT method are listed in Table 1 . Ribavirin, EICAR, pyrazofurin and amantadine-inhibited viral replication at concentrations lower than cytotoxic dose, but carbodine inhibited virus replication only at its cytotoxic dose. Amantadine showed the highest selectivity among the compounds tested.
Comparison of IC so values by the haemadsorption based colorimetric assay and the TClD so method
We examined the IC 50 value of ribavirin and pyrazofurin by both the haemadsorption-based colorimetric assay and the TCI0 50 method. As shown in Table 2 , the haemadsorption-based colorimetric assay exhibited smaller IC 50 values than did the TCI0 50 method in both compounds and especially in the case of pyrazofurin. To clarify the cause of this discrepancy, we scrutinized again the infected and haemadsorbed MOCK cells to which pyrazofurin had been added at concentrations between 2 IC 50s obtained by TCI0 50 method and the haemadsorptionbased colorimetric assay. We observed small areas with CPE or haemadsorption in cell sheets of the wells which contained marginally effective doses of pyrazofurin (0.003 J.Lg mr' to 0.2 J.Lg rnr') and scored it as positive in TCID so method. However, in the haemadsorption based assay, the aD of the peroxidase in the lysate of GPE was far lower in pyrazifurun treated cultures than those of infected controls (less than 50%). From this observation, we have determined a higher IC so value of pyrazofurin in the TCID so method than in the haemadsorption based colorimetric assay. Thus the aD value of peroxidase by the latter method reflected well the extent of the infected area and we could estimate more accurately the inhibitory activity of pyrazofurin against the replication of influenza virus by the colorimetric method.
Discussion
Haemadsorption is a unique character of myxovirus infected cells and we can easily detect infected cells under the microscope (Chanock et aI., 1958) . To quantify the amount of adsorbed erythrocytes we have determined the peroxidase activity in erythrocytes by a colorimetric way, that is, we determined oxidized OPD to quinoid form by peroxidase in the presence of HzO z. In order to facilitate the screening of anti-influenza virus substances, an assay system that is suitable for massscreening is essential. Anti-influenza assays have been performed previously by plaque reduction assay or a TCID so method, using MDCK cells. MDCK cells which are passaged a few times in tissue culture, show strong CPE and are detached easily from the cell sheet when they are infected with influenza viruses. However, when MDCK cells are passaged in tissue culture, they often become resistant to CPE by influenza virus infection and adhere after the infection. These cells are not suitable for either a plaque reduction assay or a TCID so method or for an MIT assay for the screening of anti-influenza substances. On the other hand such MDCK cells still have an ability to adsorb GPE when they are infected with influenza viruses, and are amenable to a haemadsorption-based colorimetric assay. We have compared the haemadsorption based colorimetric assay and the TCID so method for the inhibitory activity of compounds against influenza A and B viruses and obtained a result that pyrazofurin and ribavirin suppressed virus replication but did not inhibit it completely. Compounds such as pyraiofurin and ribavirin could not be estimated properly as inhibitors in the TCID so method or in the plaque reduction assay but could be evaluated by the haemadsorption based colorimetric assay. The haemadsorption-based colorimetric assay for anti-influenza virus activity is a precise, rapid, and objective assay system and is useful for the screening of a large number of samples. This assay system may be applicable also to the screening of antiviral substances for paramyxoviruses.
Materials and Experimental procedures
\I.1 \
;~~M OCK cells were provided by K. Honzufrti, Fukusima Institute of Health, and passaged mare than 20 times with Eagle's minimalessential medium plus 10% fetal calf serum. For virus infection the medium was changed to SFM101 medium (Nissui Pharmaceutical Co., Tokyo, Japan) which contained penicillin (100 units rnr'), streptomycin (100fL9 ml") and 2fL9 rnr" of trypsin (SigmaChemical Co., St. Louis, MO, USA) .This medium is free of serum and hence does not inhibit trypsin activity that is indispensable for replication of influenza virus in MOCK cells.
Red blood cells
A fresh batch of GPEwas used. When we had to keep GPE, it was kept at -80°C according to the method by Meryman (Meryman and Hornblower, 1972) because peroxidase activity of GPE is lost within 3 days' storage at 4°C.
Virus
Influenza viruses Nlshikawa/7/82/(H3N2, NBangkok/10/83 H1N1) and B/Singapore/222/79 were used. The viruses were passaged in hen's egg more than 10 times in our laboratory and passaged once in MOCK cells. All influenza viruses were provided by K. Honzurnl in Fukusima Institute of Health.
Compounds
Ribavirin and EICAR were kindly provided by H. Machida, Yamasa Shouyu Co., Choshi, Japan. Pyrazofurin and carbodine were kindly provided by E. De Clercq, Catholic University of Leuven, Leuven, Belgium. Amantadine and MIT were purchased from Sigma Chemical Co.
Haemadsorption based colorimetric assay
Compounds were diluted serially with SFM101 medium using multi-tlp pipettes in 4 culture tube tray rack. The arrangement and spaces of tubes in the rack were same as those of wells in 96-well tissue culture plate (Falcon 3072, Becton Dickinson Co., Oxnard, CAl. The diluted compounds were employed simultaneously in both the haemadsorption based colorimetric assay and the cytotoxicity assay.
MOCK cells were cultured in 96-well tissue culture plates. When 60--80% confluent cell sheets were achieved in every well, culture supernatants were removed and each 100 fLl of the compound diluted with SFM101 medium without trypsin was added to the wells. Four wells each was used for one dilution of the compounds. Influenza virus was diluted to 1000 TCIO so rnr' in SFM101 medium containing 4fL9 mr " trypsin, and 100fLi of diluted virus was transferred to the wells.
After 3 days of incubation at 35°C, infected MOCK cells were fixed with 5% formalin at room temperature for 10 min and washed once with saline using a plate washer, which was ordinarily used for ELISA.Afterwashing, 100 fl.1 of 0.5% GPE in PBS was added to every well and the plate was incubated at room temperature for 1h. After the haemadsorption, the assay plate was washed 4 times with saline and adsorbed GPEwere lysed by adding 50 fLl of distilled water. As a substrate of peroxydase, 15mg of OPO and 3fLi of 30% H 202 were dissolved in 10ml of citrate buffer (pH, 5.0, 0.05 M citric acid, 0.1 M Na2HP04) and 100 fLl of substrate solution was transferred to the well. The optimal concentrations of substrates were determined using a peroxidase labelled antibody for ELISA (BioRad Japan, Tokyo, Japan). After 2-min incubation at room temperature when the yellow colour of oxidized OPOwas enough to distinguish infected controls from uninfected controls the plate, 50 fLl of 1N HCI was added to each well to stop the reaction. The 00 of the well was determined by a colorimetric plate reader (Model 3550, BioRad) at a wave length of 490 nm. The per cent of 00 of peroxidase activity of GPE in the culture was calculated as follows:
(00 of peroxidase activity in GPE adsorbed to the test culture) -(00 of peroxidase activity in GPE adsorbed to the uninfected control culture) (00 of peroxidase activity in GPE adsorbed to the virus control culture) -(00 of peroxidase activity in GPE adsorbed to the uninfected control culture) Cytotoxicity MOCK cells which were trypsinzed and suspended in SFM101 mediuim at 5 x 10 4ml-1 were transferred to a 96-well tissue culture plate (Falcon 3072) at 100 fLl per well and were cultured for 4h. Test compounds diluted in a culture tube tray rack were added to the cells at 100 ul per well. Each of three wells was used for one dilution of the compounds. After 3 days incubation at 37"C, 20fLi of 7.5mg mr ' MIT solution was added and assay plates were further incubated at 37"C for 2 h. After the incubation, the culture media were removed and resultant formazan crystal was dissolved by the addition of 100 fLl of dimethylsulphoxide. The 00 of the well was determined by a colorimetric plate reader at double wave lengths of 540nm and 690nm. For the precise procedure of the MIT assay we followed the procedure by Pauwels et al. (1988) .
